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I I 

AZSTRACT 

The purpose of this  contract has  been to study and explore methods 
of utilizing ion implantation techniques for  producing semiconductor devices 
without the need for  complex multi-step masking and photoresist-etch p rocess . .  
ing. 

By the use of proper  electrostatic o r  electromagnetic lenses ,  the 
ion beam f r o m  an  acce lera tor  can b e  focused and utilized t o  "write" with dopant 
ions in semiconductors, forming electr ical  devices. 
the beam path has  been successfully imaged with reduced magnification by a 
quadrupole lens sys tem on a substrate  about 3 m e t e r s  away. 

A 16-hole m a s k  placed in 

During the course  of the  contract, a lens  sys t em and associated 
vacuum and electronic  equipment were  designed, constructed and tested.  The 
design energy range' was 50 kev to 1 Mev with the lens generally operating with 
80 t o  100 kev ions. 
pendent of ion species.  
worked equally well  on phosphorus, boron, helium and sulfur ions. 

The lens  sys tem is electrostat ic  so that focusing i s  inde- 
This  capability has  been demonstrated as the lens has  

Ea r ly  work led t o  a 5 micron resolution, but the need for  rapid 
focusing and real t ime monitoring was obvious. 
t ron  microscope was constructed inside the ta rge t  chamber  which ultimately 
gave a 30X magnified image of the spot being implanted, on a phosphor screen.  
The image  is derived f rom the secondary electrons created by the ion beam at  
the si l icon substrate .  
implantation experiments.  

A low-power secondary elec-  

The secondary emission microscope great ly  speeded 

A field effect device was  made by scanning a single defocused beam 

The defocused beam was utilized to  fabr icate  a device la rge  enough 
f r o m  one heavily implanted area to  a subsequent a r e a  that was then heavily 
implanted. 
to be eas i ly  contacted with probes.  

A tantalum mask  w i t h  16 rectangular holes was inser ted in front of the. 
The result ing beams implanted 0. 005 x 0. 007 mm rectangles a t  

By e lec t r ica l ly  scan-  
lens  system. 
the subs t ra te  over an a r e a  approximately 1 mm square.  
ning the beams,  an a r r a y  of 16 F E T  s t ruc tures  with apparent  edge resolution 
of bet ter  than 5 microns was written. 
scanned to  f o r m  l a rge r  contact a r eas .  

The beam could a l so  be electr ical ly  
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1. INTRODUCTION 

1.  1 Background 

The p rocess  of ion implantation may  be  defined as  one in  which p-n 
junctions a r e  f ab r i ca t ed  i n  semi conductor ma te r i a l s  by bombardment with beams 
of energet ic  dopant ions. 
portance in the semiconductor industry during the l a s t  few years .  F o r  this rea-  
son, a brief his tory of recent  developments i s  given. 

This a r e a  is one which has  a s sumed  increasing im- 

Ion implantation, a s  a basic p rocess  f o r  selectively doping semicon- 
ductor mater ia l s ,  has  been investigated in various fo rms  for a per iod of grea te r  
than ten years .  Unfortunateiy, much of the e a r l i e r  work at Bell  'I'elephone Lab- 
o ra to r i e s  was concerned pr imar i ly  with radiation damage mechanisms ra ther  
than chemical  doping effects .  By the end of the fif t ies,  these studies created 
the genera l  impress ion  in the semiconductor industry that ion implantation was 
a limited p rocess  dominated by damage effects. Investigations in  the last s ix  
yea r s ,  p r imar i ly  by IPC,  have shown that exactly the converse is  t rue.  Not 
only can radiation damage effects  be  readily annealed out, allowing chemical 
doping effects  t o  dominate, but the implantation p rocess ,  when proper ly  applied, 
can be extremely flexible and well controlled as compared to the diffusion pro-  
cess .  This  has  been c lear ly  demonstrated by resu l t s  on silicon solar  cells.  

1 .2  Implantation Technique 

In brief,  the implantation technique at IPC has consisted of i r r ad ia -  
t ion of silicon with energet ic  (50 ke; to 400 kev) boron and/or phosphorus ions,  
which penetrate  to controlled depths 0 t o  1. 3 microns  below the surface of the 
silicon, depending on their  energy. 
induced defects and cause the ions to become substitutional impuri ty  a toms,  a 
distribution of a dopant concentration ve r sus  prof i le  depth is obtained. The 
"profile" of this distribution may be  var ied within wide limits according to  the 
tim-e the ion beam i s  applied a t  each depth of penetration. 

After a suitable anneal to remove radiation- 

Although much bas ic  work remains  to be done on implantation mech- 
an i sms ,  the cu r ren t  s ta te  of knowledge is such that  d i rec t  implantation may be 
widely used in device work. 
s t a r t ed  with so la r  cel l  development and has  resulted in a present ly  marketed 
so la r  celi.  

Historically, the experimental  p r o g r a m  at IPC 

By using an ion implantation technology that includes masking the 
arer? not to be implanted and then sweeping the s l ice  with an  ion beam, Bipolar,  
FET, and MOS devices have been fabricated in silicon. At this  t ime,  quality 
MOS silicon devices a r e  being fabricated under contract  to Rome Air  Develop- 
men t  Center ,  United States Air Force. 

1 



F o r  Group I V  scmiconductors, the advsntagcs of the direct  implant- 
ation process a s  compared to  p l a n a r  diffu.sinn process  m-ay be  d e s c r i b e d  2s in- 
c r eased  control, low tempera ture  processing, flexibility and ability to work 

tion potential. 
L1- ~ i i i  _- "ugh a surface pz~siva.ti:ig sxide,  high degree of reprodi-ucihility a n d  aut oma- 

On wide-band- gap mater ia ls ,  ion implantation is potentially a solu- 
tion to  junctioii formation problems. 
materials by oihcr methods has  precluded the fabrication of useful devices ex- 
cept f o r  a few special  cases .  
p rocess ing  ma te r i a l s  that  may be called the more  exotic semiconductors.  

The ir>ability t o  selectively dope many 

Ion implantation may ve ry  well  be the means of 

Work at IPC is present ly  underway on implanting wide-band-gap 
ma te r i a l s  with junctions having been formed in si l icon carbide,  gallium arsenide  
and diamond. 

1 .  3 Microbeam P r o g r a m  Objectives 

An at t ract ive method f o r  implantation is the manipulation of the en- 
e rge t ic  ion beam in such a manner  a s  to wri te  des i red  devices in the semicon- 
ductor mater ia l .  
and/or spot s ize  in the submicron range. 
mination of many of the normal  production s teps  can be accomplished. 

The beam can potentially be  focused to produce edge resolution 
With beam control techniques, eli-  

The main problems to be overcome by the lens  sys t em design w e r e  
the degrading ef fec ts  of lens  aberrat ions,  res idual  gas  scat ter ing and neutraliza- 
tion, space charge,  s t r a y  electromagnetic f ie lds ,  vibration, e lec t r ica l  noise, 
etc.  

The  p r i m a r y  goal of this  p rogram has  been a demonstration of a 
microbeam sys t em for device fabrication. Studies of the apparatus  required,  
the problems of beam contro1,and the seve ra l  a l ternat ive modes of operation, have 
been c a r r i e d  out under this  program. Device fabrication t o  demonstrate the 
feasibil i ty of using a microbeam sys tem has  a l so  been accomplished. 



2.  THE I\/LICROBEAM SYSTEM 

The schematic d iagram and photograph of the overal l  sys t em a r e  
shown in  F igures  1 and 2. The ion beam formed f r o m  an R F  source  in the t e r -  
minal of the 400 kv Van de Graaf f  accelerator  is accelerated and focused by the 
acceleratiorr tube, and then m a s s  analyzed by the 90 degree  magnet. The de-  
s i r e d  doping ion is t ransmit ted and refocused by the magnet, while a l l  o thers  
a're intercepted by the walls of the magnet chamber .  
f rom the magnet and passes  through two cu r ren t  sensing "slits". At a given 
magnet sett ing the signal derived from the slits becomes unbalanced due to 
beam motion when the beam energy changes above o r  below the c o r r e c t  value 
for  that ion species  and magnetic field. The difference signal thus derived is 
fed back to control a corona load, terminal  cu r ren t  leak, thus regulating the 
te rmina l  voltage. 
tively monoenergetic with its average energy stabil ized to  bet ter  than 1 p a r t  
in 104. 

The analyzed t e a m  exits 

As i t  leaves the sl i ts  the beam i s  isotopically pure and r e l a -  

The beam then en ters  the microbeam ion optical system. The opti- 
ca l  sys t em consis ts  of an ''object" mask, an  adjustable limiting aper ture  at 
the lens ,  a three-element  quadrupole lens,  and a t  the "image plane", a sub- 
s t r a t e  holder.  These a r e  shown i n  Figure 3. 

The beam, a s  it en ters  the or i f ice-mask,  is analogous to the p a r -  
t ial ly coll imated light beam in a photographic s l ide projector.  The light beam 
i n  a projector  must  be spread  enough to illuminate the whole sl ide evenly and 
need not be collimated except for  the fact  that  a l l  r ays  which diverge too much 
will miss the useable lens aper ture  and be lost ,  thereby losing brightness.  

In the ion optical system, the beam can  pass  through the beam 
mask  at a rb i t r a ry  angles a lso (i. e . ,  a t  poor  collimation), but the maximum 
efficiency will  only be achieved if  the beam does not expand to g r e a t e r  than the 
s ize  of the maximum allowable input aper ture  of the ion lens.  

Due to aper ture  dependent zber ra t icns ,  the adjustable ape r tu re  
m u s t  be used to remove beam components which a r e  too f a r  f r o m  the lens  axis 
to be focused to the des i red  resolution level. 

The portion of the beam which passes  through the aper ture  then 
passes  through the three-element  quadrupole lens.  This lens  ac t s  on the beam 
in  the s a m e  manner  as a se t  of three c r o s s e d  cylindrical  l enses  ac ts  on a light 
beam. 

These lenses  can bc. replaced by a theoretical  lens  pa i r  placed a t  
specific locations on the axis.  
planes. 

These locations a r e  known a s  the principle 
One principle plane is where one simple single axis lens should be 

3 
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placed to  cause X-axis focusing identical to that by the t r iplet  and the other  is 
whcrc -1 si~~;p!e I C E S  w o d d  produce t h e  s a x e  resul ts  on the Y - a x i s .  

Since these theoretical  leiises z r c  at differelit localions and must  
both focus a t  the same location, they must  be adjusted to different focal  lenghts. 
As a re su l t  of this, the magnifications on the X- and Y-axes a r e  different. 
This causes  a very simple fo rm of distortion of the image which can be remov- 
ed i f  de s i r ed  by preciisivrtiuri 01 the object orifice. 
i n  the experiments  performed on this contract  were  about 3X and 5X. This 
demagnification can produce an increase in cur ren t  density at the subs t ra te  
which is 18 t imes  g rea t e r  than tha t  at the orifice mask. 
image of the orifice mask is then implanted into the substrate  ma te r i a l  to a 
depth determined by the ion energy. 

The demagnifications used 

An elongated reduced 

The interaction of the ion beam with the subs t ra te  is not direct ly  
observable,  but the secondary electrons caused by the interaction can be accel-  
e r a t ed  and focused onto a phosphor sc reen  giving a magnified image of the spots 
being implanted. 

2. 1 The Acceleration System 

The acce lera tor  used on this program was  converted typed P N  400 
kv Van de  Graaff  positive ion accelerator .  
operation and Figure 5 i s  a photograph of the acce lera tor .  At the output of 
this acce lera tor  is a 90 degree double focusing analysis magnet. 
m a s s  analyzed sys tem seems  ideal  for microbeam use,  although for  production 
s imple r  sys tems could be devised f o r  the low energy end of the spectrum. 

Figure 4 details  the principles of 

This type of 

The mass analysis of the sys t em is des i rab le  both for  the ability to 
s o r t  out the dopant which is des i red  a t  the moment  and for  the stabil i ty it lends 
to  the whole feedback controlled energy stabilization system. 
stabil ization can  be improved by an  o rde r  of magnitude by an ac coupled capa-  
citive feedback sys tem paralleling the slower magnet-corona stabilization. 
This  will remove the higher speed transients which a r e  not now affected, but 
are of importance to  semiconductor work where improper  operation f o r  1 p a r t  
in  10 

In the future, 

4 of the t ime can  overdope the substrate  over  a defocused a rea .  

The ion source  used on this work was an R F  type which is notable 
for  its l a rge  ion energy spread.  
types used f o r  isotope sepa ra to r s  which produce m o r e  ion yield with an energy 
sp read  10  to  100  t imes l e s s  than that of our  R F  source.  
of source  in the future should greatly inc rease  the cu r ren t  density through the 
lens  sys  tems.  

Better sources  a r e  available, such 2 s  the 

The use of this  type 

7 



The opcraiion of  a Van de GranR 
positivc-ton accclerdtor involvcr thrcc major 
stcps: generation of a high dc potentidl; pro- 
duction and accdcration of a partlive ion 
beam; mcawrcmenl and regulction of the ion- 
bcarn cncrgy. 
V m n  do 0m.U Vott.p* Souro* 

I .  Electrtc chargc IS sprayed. by a coroni- 
discharge sysrem. onlo a l a p d l y  mobing 
insulating belt. This continuou5 discharge 
i s  generated from a small dc power SUP- 
ply. mounted inside the gcncrator rani .  

2. The belt mechanically carrics the charge 
into a hemi,phericrl high voltagc terminal 

3. Inridc the terminal. thc charge IS auto- 
matically transicrrrd from the hell to the 
terminal. l h e  high dc polcntial i s  estab- 
lished and maintrincd by 2 charge continu- 
ourly flowing h x k  to ground through a 
very high-rcristance voltnpc dtvidcr 

4. The htgh-voltrge 1arniin.d i s  inrulatcd from 
the prcrrure vessel ~ r r o u n d i n g  the $en- 
crater by compre\rrd n i l r ~ g e n  and crrhon 
dioxide. u hich prevents arc-o%er 

By varying thc f low of cIci.trtc chrrge 
tu the tcrmindl. the gcncrator uolt;lge can he 
correbpondingly varird In prxt lcc. exccss 
chargc flou IS utdircd for !he accelcrdon- 
lube load. 

~o.l11v.-lon rroduollan m n d  
a00r t * ,m1lOn 

5. Hydrogen gar is introduced m u  the ion 
source. by a remotely controlled Y.IIVC on 
thc gas cylinder. Radio frcqucncy puucr 
from the r f  oscillator supplir, the cncrgy 
10 ionize the gas in the ion-source bottle. 
A poSiliVC potenthal is applied lo the prohc. 
o r  cjcction clcctrodc. of the SOYKC. cauling 
positive ions lo hc withdraun from the 
plasma into thc acceleriltwn tuhc. 

6. The positive ions are focwcd and acccl- 
cratcd hy mean< of the ~lcctrnc field along 
thc cvacuilcd glass-and me8.l a c i c I c r ~ i o n  
tube. Each nielill clcctrodc of the tuhc as 
connected tu a corre,pondtng equipotentul 
plane uhorc d: porential IS maintdnrrl hy 
ihc voltage-divider. 

7. The powivc #on hcam 1% acculrr;lted to 01.. 

trcmely hbgh ucloc~t)  by the potenr!~l Jti- 
fcrcnrr hctucun the termm.ll and grounJ 
ends of ihc accelcr.~t~on tuhc'. Bccruic the 
pu1rnti.d I \  d c  in nature. the p~r t ic lc*  tn 
the h a m  arc homogcncuu In encr.-y at 
any instant 

By rcgulattnp the prohe potcnti*l m d  
the par Row to thc #on smrc'u. the ion-hcrm 
currcnt can bc ad,u\tcd from !hc remotc cun- 
trol stat~on. Other pdic5 can he Introduced 
cithcr by changing ihr. g.15 c)lindcr or hy rc- 
molcly switching IO a d!llcient ga. \upply 

Ion-80-m t n r r g y  Mrr.urrrn.n( 

8 .  A rotating-vanc geneiatmg ~oltmcrcr !I 

u\clul cithcr for meicriiig the g ~ n ~ r ~ t o r  
voltage (af tcr  suit.thlc cdihratton 1 or lor 
regulating thc vollage within II feu pcrcenl. 

9. For prccirr mc.surcmcni and control of 
ion-beam cncrpy. the h u m  I\ dcflccted h) 
D magnetic Add u h o w  strength I\ hcld con- 

power ,uppl!: An ~ n r u l a l c d  s l i t  <).tern .,I 
the exit purtr l  of the mapnet permit< ion, 
01 a pirticuldr md,\-cncrpy product io pro- 
cced tu the ciperimcntrl *pp.tntu\ or nu- 
clear torgci. 

R.gulrIlon 

IlJ*t hy a" clcctronlcnlly rcgul.,tcd ,IC 

Figure  4. Van de Graaff Principles  of Operation 
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2. 2 Lens Conside rations 

To achieve significant demagnilications i n  a reasoiiabl e s ized vac - 

of useful dopant depths, the capability of focusing energics  a s  high as 1 Mcv is 
desirable .  
volts applied to a s tandard axial symmetr ic  ic?n optical lens. 
"stroiig focusing" lenses  such a s  quadrupoles a r e  necessary.  

uiliii S y s i e i i i ,  2 shor t  focal. length is required.  B1.t to zttain 2 m-a~im-l~m- r a n u p  0- 

A shor t  focal length a t  1 Mev would require  seve ra l  hundred kilo- 
Therefore ,  

Electrostat ic  lenses  were selected over magnetic, since the la t te r  
cannot produce identical field geometries a t  different  field strengths.  Due to 
overa l l  saturat ion effects and a non-linear interdependence, magnetic lenses  
cannot be used by simply having the magnet cu r ren t  t rack  the accelerat ion volt- 
age as can  be done with the voltage on an electrostat ic  lens.  Also, a change of 
ion species  can  requi re  a la rge  change in  magnetic field causing field dis tor-  
tion due to local lens  meta l  saturation which in a magnetic lens  affects r eg i s t r a -  
tion and focal quality. With an electrostatic lens the required lens voltage is 
dependent only on ion energy and not on ion species  and the aberrat ions a r e  
independent of voltage. Figure 6 shows the quadrupole lens sys t em used for 
this  program.  

A failing of the quadrupole lens  is the fact  that  it can focus only on 
one axis and defocuses on the other .  Combinations must ,  therefore ,  be used 
with the i r  polarit ies rotated such that in passing through the lens ,  the ion beam 
is focused pa r t  way through the lens  and defocused the r e s t  of the way. The net 
resu l t  is focusing to  some extent on both axes.  However, s ince one axis en ters  
a focusing mode f i r s t ,  and during the s a m e  point, the other  is defocusing, 
there  is a lack of symmetry  such that the focal lengths differ on two axes. 
adjustment of the lens voltages the focal planes for the two axes can  be made 
to  correspond,  but the demagnification on the two axes a r e  different. 
we have experimented with has had a demagnification of about 5X on one axis 
and about 3X on the other.  
ple to pred is tor t  the orifice dimensions by a ra t io  to  achieve the des i red  pat- 
t e r n  a f te r  the lens. 
g rea t  extent by having more  elements such that the effect of the offending first 
e lement  occurs  over  a sma l l e r  percentage of the overal l  length. 

By 

The lens  

This has  not been a probelm in that it is fa i r ly  sim- 

However, future lenses  could probably avoid this to a 

Lens electrode spacing h a s  been adequate to  minimize sur face  
charging problems and to average out field dis tor t ion due to  imperfect  e lec-  
t rodes.  However, sho r t e r  focal lengths than those used in these experiments  
are des i rab le  and can  be achieved by reducing the electrode spacing and lens 
e lement  length. 

' The direction of change required in  the future lens  design could be 

This can  be done by shortening the elements simultaneously with 
to  achieve a shor t e r  image object distance by shortening the useful focal length 
of the lens.  
reducing the electrode separat ion (this should not effect the magnitude of end 
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Figure 6. Quadrupole Lens Elements 
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e f fec t  aberrat ion) .  
reduce the unequal magnification of the different lens  axis. 

The number of iciis eierrlcnts siiould theri be increased  to 

2 .3  Lens Resolution 

The resolution obtained from an  electrostat ic  lens is dependent on 
many design factors ,  and upon the elimination of spurious effects. 

s Perfect ion of the lens field is  requi red  over  the range of aper ture  
to  be used, and deviations f r o m  perfection along the axis due to end effects 
m u s t  be minimized both in degree and percentage of lens  length involved. 

Electrostat ic  lenses  suf fer  f r o m  total  "chromatic aberrat ions"  and 
the resolution i s  adversely affected when the var ia t ion of I'ocal length due to  
var ia t ion in energy is g rea t e r  than the depth of field. 
is  inversely dependent on the s ize  of the maximum aperture .  The aper ture  
m u s t  be la rge  i f  the original beam was not sufficiently collimated a t  the pl.ane 
where  it illuminated the object mask,  Even af te r  collimation of a given beam 
with a perfec t  lens, it spreads  in  a manner determined by the random energy 
content of the beam at the t ime it was formed. 

The depth of field in turn  

Because of this random spreading of the beam, the aper ture  of the 
lens  mus t  be l a rge  to pass  the fu l l  beam. 
and resolution occurs .  
one which s t i l l  produces sufficient resolution. 
reduce resolution due to  off-axis field imperfections and focal length spread  
caused by chromatic  aberrations.  

Thus a trade-off between c u r r e n t  
In a perfect  lens the optimum aper ture  is the l a rges t  

Apertures  g rea t e r  than optimum 

Aberrat ions f rom impe2fections of the lens  field itself (which may 
be analogous to spherical  aberrat ion)  affect resolution for  a given focal length 
lens  by the cube of the aper ture ,  and s o - v e r y  rapidly become important with 
increasing aperture .  Spherical  aberrat ion will be the major  limit in the c u r -  
ren t  density resolution trade-off when the input beam is relatively mono, ane r -  
getic. However, the trade-off in the chromatic  aber ra t ion  l imited c a s e  is such 
that  increasing the aper ture  to obtain four t imes  the cu r ren t  resu l t s  i n  a degra-  
dation by a factor of two of resolution, whereas  in the spherical  aber ra t ion  
l imited c a s e  to obtain four t imes the cur ren t ,  resu l t s  in a resolution degrada-  
t ion of a factor  of eight. 

2 . 4 -  SDurious Effects on Resolution 

To extrapolate f rom the achieved ion beam resolution of about 5 
mic ron  to about 0. 2 micron  which might be required for a useful production 
machine,  some of the var ious potential problem a r e a s  that may have to  be im- 
proved a r e  considered. 

1 2  



2.4. 1 Vibration 

Resolution is impared by any effect which moves the t e a m  or si&- 
s t r a t e  by aii amomit ceLmparablc to the des i red  resolution. 
subs t ra te  holder by one micron  will add about 1 mic ron  of blurr ing to the beam 
edge. 
path with a shor te r  one which h a s  a rigid unitized construction and allowed to  
vibrate  only a s  a whole on relatively f ree  mounts. 
ship of the orifice,  lens and substrate would be great ly  reduced. 

Vibration of the 

Vibration should be reduced by replacing the present  10 foot ion optical 

Thus the vibration relation- 

2.4. 2 ac  Magnetic Fields 

Any ac  magnetic fields i n  the beam path cannot be allowed to devi- 
The simple fact  of put- a te  the beam an amount comparable to the resolution. 

ting magnetic shielding over  the half of the path now unprotected will  c lear ly  
reduce ac magnetic effects by m o r e  than an o r d e r  of magnitude. 

2 .4 .3  Electrostat ic  Fields 

Electrostat ic  charge build-up in  the sys t em occurr ing on insulators  
o r  insulating films such a s  fingerprints o r  surface oxides, can  charge slowly 
and then discharge by breakdown of the insulation, thus applying a sawtooth 
displacement to the beam. 
pared to the resolution desired.  The surface charging of the lens  elements 
(which up to this point has not been proved to constitute a problem)  can be r e -  
duced by improved cleanliness,  gold plated sur faces ,  and the use of a separa te  
VacIon sys tem which pumps the lens differentially f rom the r e s t  of the sys- 
tem. 

This displacement must  a lso be kept sma l l  com- 

2 . 4 . 4  The rma l  Expansion 

Axial length changes due to  thermal  expansion must  be sma l l  com- 
pared  to  the depth of field. These can be minimized by tempera ture  sensing 
and control,  using very  low expansion space r s  such a s  quartz rods,  o r  insula- 
tion to  enforce a thermal  t ime constant g rea t e r  than the implantation t ime, o r  
a l l  of these.  

2 .4 .5  Power  Supply Regulation 

The ion beam used in  this work is m a s s  analyzed such that i f  there  
were  an energy variation, the b-.am would not follow the s a m e  path and woidd 
not en ter  the lens;  therefore  the variation appears  simply as  a var ia t ion in 
cur ren t .  
aiioii in  rr,agr,etic field. would automatically cause a change in beam energy to 

However, the analysis system i s  presently designed such that a var i -  
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maintain the beam through the system. Therefore ,  to maintain the beam 
e n e ~ g y ,  
have shown the magnetic cu r ren t  to be stable to  * 2 pa r t s  in l o 4  over  several  
minutes ,  which although probably adequate for  f.;ture use, c e d d  be iiznrnved I-- - 

i f  necessary .  The lens  voltage power supply m u s t  a lso be well regulated. 
Present ly ,  the various voltages a r e  supplied by a divider network on the out- 
put of a well  regulated comniercial  supply and fi l tered against  pickup by a net- 
work a t  the electrodes.  
improved by the des i red  factor of 25 by a feedback network utilizing a portion 
of the voltage sensed a t  the lens electrodes.  

the iiiagnetic field X ~ U S ~  bc held c z n s i ~ ~ n t .  Recer,t t es t s  On the sys tem 

F'uture versions could easily have their  regulation 

2 .5  Optimization of Curren t  Density 

The cu r ren t  density through the lens is proportional to the a r e a  of 
the l imiting aper ture  in the lens.  The dimensions of this  aper ture  a r e  related 
to  the cube root of the resolution i f  the lens  is "spherical  aberration" limited. 
It is therefore ,  necessary  to minimize "spherical" and other aper ture  depend- 
ent  aberrat ions.  End effects and electrode imperfections will produce aper -  
t u re  dependent aberrat ions.  
to have a g rea t e r  e lectrode length to separat ion ratio,  o r  by ar t i f ic ia l  field 
enforcement techniques. 
those used, and mounted with greater  precision. 

End effects can  be reduced by designing the lens 

Electrodes can  be machined m o r e  accurately than 

With these improvements,  the aberrat ion coefficient should be 
reduced, increasing the allowable aper ture  and therefore  the cu r ren t  density 
at the target.  

Uniformity of cu r ren t  density over  the input or i f ice-mask can  be 
achieved by scanning; however, this would resu l t  in l o s s  of beam during the 
t ime the beam is over  a closed portion of the mask. Variable ra te  scanning 
should therefore  be used scanning slowly over  the open a r e a s  and a t  l ea s t  ten 
t imes  as fast over the close portions. 

' Current  density is a l so  proportidnal to  the yield of ions of the 
des i r ed  species  f r o m  the source t imes the reciprocal  of the source  energy 
spread.  Sources  of bet ter  charac te r i s t ics  than those of the R F  ion source  
used i n  these experiments a r e  available and should inc rease  the output cu r ren t  
density by an o r d e r  of magnitude. 

2. 6 Input .Beam Conditioning 

The ion optical sys t em should be a rigid entitv and should operate  
such that  a beam entering i ts  entrance orifice will automatically pass  through 
the sys t em on axis. This can be done by feedback controlled beam condition- 
ing equipiiient in thc i n p ~ t  p r t i e r ,  of the l e n s .  _Ream alignment and lens 
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vibration problems a r e  thus minimized. 
Ininaie iiie Lealii defii-jiiig oi-ifices i f  an a r r a y  is to bc .;sed. Siace the acce ler -  
a to r  output beam spot cannot easily be made sufficiently uniform to evenly illu- 
mindte d r i  axray aiid sinct. 2i;sn ii it  coujd, 
holes of the a r r a y ,  it is more  desirable to use a scanned beam. 

The input beam must  uriiforixly i l lu- 

. .  m o s t  =f it 7&7=1dd r,=t n = S S  r- t h T D ' l n h  -b-- t h c  --*-' 

The input beam can be scanned over  the orifice a r r a y  in  a con- 
t rol led ra te  manner  such that the Lea111 moves ten io  one hundred times f a s t e r  
y h e n  it is not touching an orifice than when it is. In this manner ,  uniformity 
and beam efficiency a r e  simultaneously achieved. The electronics  involved to 
do this can  incorporate  a CRT, mask and photocell. The CRT scan  will be 
dr iven by the beam scan  signal and the CRT m a s k  can  be generated by first 
using ion beam sensing to unblank the CRT. 
dot pat tern on the CRT which can be t raced  slightly enlarged, for the m a s k  
which is then used as the companion to that beam mask. 
operated normally to follow the beam such that when the spot on the CRT comes  
under a hole in the mask,  the photocell s enses  it and the signal t r i gge r s  the 
scanner  to  reduce i t s  scan  rate  until the spot again disappears  behind the mask. 

This produces the corresponding 

The CRT can  then be 

2 . 7  Beam Steering (Writing) 

Beam steer ing i s  impract ical  in  the sho r t  focal space beyond the 
lens,  and undesirable before the lens because it would deviate the beam f r o m  
the center  of the lens.  A pract ical  compromise has  proven to be s teer ing  with 
the lens  e lements  themselves,  causing only minor  motion of the beam while in 
the lens .  The s teer ing voltages have been manually adjusted, but for pract ical  
use,  should be electronically controlled to  wr i te  uniform doping by scanning a t  
a constant but adjustable rate.  When used to  "write" with, the s t a r t  and finish 
locations of each line can be preselected and then the scan  re leased  by a button. 
This would allow each portion of the c i rcu i t  to have i t s  doping level  s e t  inde- 
pendently. 
cuits.  

This technique would be very useful for  writ ing experimental  c i r -  

A m o r e  production-oriented technique would be to simultaneously 
scan  the beam of a CRT with the signal scanfling the bundle of ion beams. On 
the face of the CRT would be a mask the shape of the des i r ed  device and a 
photo-cell sensing light through the mask  would control the blanking of the ion 
beam. 

A m o r e  sophisticated production technique would have a complete 
voltage ve r sus  t ime program for X, Y ,  blanking and energy controlled by tape. 

2. 8 Secondary Emission Microscope 

During prel iminary iri.,plantations, exposures  were  made at many 
slightly differect ~ G C ~ S C S  to giLarantee achi-eviiig a t  least ope cor rec t ly  focused 
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implant. The problems of this technique (i. e . ,  the required accuracy of sub- 
s t r a t c  pc;siticning, lens vcltage and accelerator  volt am^ e- 1 heca7nc morc  ci~n2hcr-  
some as the achieved resolution improved. Immediate feedback of the quality 
of As 3 resu l t  the l l e  of a sec -  
ondary emiss ion  microscope (SEM) appeared to  be the solution. 
lens was  used to focus the secondary electrons generated a t  the si te of the ion 
impact  on the substrate .  It was designs6 around cerarnic magnets to avoid the 
problem-s of vacuum fecdthroughs,  power dissipation, supply regulation and 
outgassing. 
achieved with reasonable magnification, even though the beam cur ren t  was only 
10-11 amperes .  

focus io tile op"'"toi- &------,. ---- r7,Cnn., U G L d l l l C  1 1 l L l l l u U L " L y .  

A magnetic 

Initial experiments proved that adequate br ightness  was readily 

Fur the r  refinement of the SEM resulted in  a magnification of 30X 
2 over  a resolved useful a r e a  of 1 mm of the substrate .  The resolution of the 

microscope has  been sufficient to allow focusing of the ion beam to a resolution 
of about 5 microns.  However, surface topology of samples  have been observed 
to  be even more  highly resolved, indicating the resolution limit of the SEM to 
be l e s s  than 5 microns in  the f o r m  i t  exis ts  a t  the present  time. It is, t he re -  
fore ,  reasonable to expect that with the inser t ion of an aper ture  stop, the r e so -  
lution of the magnetic lens  can  be readily improved to the submicron range. 
F igure  7 is a photograph of the SEM in operation with pa r t  of the image beyond 
its undistorted field of view. 

2 . 9  Measure me nt Equipment 

In addition to the normal  Van de  Graaff equipment used for  monitor- 
ing the acce lera tor ,  a Non-Linear System XI digital vol tmeter  has  been used to 
m e a s u r e  lens  voltages and to record  magnet cu r ren t  when used with a Leeds 
and Northrop tenth ohm precis ion res i s tor .  
peatability of the microbeam focus could be controlled. Cur ren t  measurements  
were  made using a Keithley Model 413 A log scale  micro-microammeter .  This 
ins t rument  was used to measu re  cu r ren t  a t  the subs t ra te  holder and facilitated 
cor rec t ions  necessary  for  proper  alignment a s  the cu r ren t s  varied f r o m  
lom1' as a r e su l t  of minor adjustments. 

By these measurements ,  the r e -  

to 

The secondary cu r ren t  must be eliminated f r o m  the total  c u r r e n t  
At present ,  measu remen t  to allow an accurate  measure  of ion beam curren t .  

the secondary microscope power supply must  a l so  be disconnected when the 
measurement  is made. Addition of an insulating union and operating the power 
supply f r o m  a low leakage t ransformer  a r e  required for  accurate  measu remen t  
of beam cur ren t s  excluding 'secondary cu r ren t s .  

2.10 Vacuum Equipment 

The v ~ c u u r n  sys t em used on this machine consis ts  of two 4 inch 
m e r c u r y  dlr iusior i  poilips, ~ i l e  at t h e  accelerator s.nd thc other  a.t t h c  output * r r  
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Figure 7. Photograph Through Viewing Port, of Secondary 
Emission Microscope Image Used for  Focusing of Ar ray  

During Implant in  1 Square mm of Silicon 
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side of the magnet. 

5 x 10-5 a r e  not uncommon. This level of vacuum has been acceptable fo r  the 
lens tests  so  far, however, Ln4-i- uLLccL x 1  T I  VaLLLUII ,  . - , . 7 l l r n  is dcsi::cd dze  to  t h e  requiremext 
of semiconductor implantation that the sca t te red  background level be a s  small 
as 1 p a r t  in  l o 4  under some circumstances (e. g . ,  emi t te r  implants).  Because 
of the clcariliiiess requirements  of the l e n s  clcctrodes,  a VacIon sys tem pump- 
ing the lens  and subs t ra te  region differenLiaHy f r o m  the rest  01 the sys tem is 
rsecoinmended if  sufficient magnetic shielding of the pump is accomplished. 
P r e s s u r e s  three  o rde r s  of magnitude bet ter  could then be achieved. 

Tes t s  have shown the pressure i r i  the lens to Le  10 t imes  
that iiear the second pu’iip, and si; ~ p ~ r c t i z g  p r e s s u r e s  at the ta rge t  regicn of 

. 
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3. DEVICE FRRRJCATION 

Work on device fabrication has  been performed under this contract  
t o  demonstrate  the abilj ty to "write" e lectr ical  devices with a highly resolved 
ion beam. This  sectioii details the pa rame te r s  of the microbeam sys tem a s  it 
r e l a t e s  to dcvicc fabrication. 
tion on unmasked silicon s l ices  by use of the lens system. The lens and a s s o -  
c ia ted equipment described in  other sections of this  report ,  a s  well as r eg i s t r a -  
tion and contacting problems,  place l imits on the device fabrication technique. 
Conversely,  improvements  in the capabilities of the microbeam equipment 
should r e su l t  in higher quality devices. No attempt was made t o  optimize the 
device charac te r i s t ics ,  since the present  sys tem is adequate for  manufacture of 
s imple devices for  research .  

Diodes sild FET devices were  rnade by implanta- . 

Beginning with a silicon s l ice ,  a typical fabrication p rocess  includes 
sputtering of a surface oxide, placing into the microbeam equipment, achieving 
vacuum, implanting of impurity ions as  required,  removing the s l ice  f rom the 
systei-n, annealing and contacting. 

P r e s e n t  limitations on the p rocess  a r e  the regis t ra t ion sys tem and 
resolution. Resolution is  approximately 5 microns.  Registration requi res  a 
physical su r f ace  change of m a r k  to be viewed on the SEM sc reen  during implan- 
tation o r  use of the damaged a r e a  viewable a f te r  implanting to c rea t e  a reg is -  
t ra t ion m a r k  p r i o r  to annealing. Available energy, source ions,  beam curren t  
and useful  field a r e a  of the lens a l s o  must  be considered ultimately limiting in 
device fabrication. 

3. 1 Impuri ty  Ions 

The present ly  available sources  provide both N (phosphorus) and P 
(boron) doping for Group IV compounds. Other sources  a r e  available and it does 
not appear  that ion source  will be a limiting factor.  
sou rces  other than those for which a diff=sion.technology is possible is  an advan- 
tage in  ion implantation. 

The ability to use impurity 

As discussed in the lens section, the lens i s  e lectrostat ic  and choice 
of ions does not affect  lens operation. 

The need to switch f r o m  one ion to  another quickly during a single 

All device 
run is obvious and while the ? resent  equipment does not have this capability 
modification should be accomplished without significant difficulty. 
work on this  contract  was done with phosphorus a s  the impuri ty  ion even though 
other  ions were  implanted at various t imes.  



1 

The use  of s eve ra l  n- o r  p-type impuri t ies  on a single s l ice  could be 
eccornplished a n d  the aclvantpiges of iisjng d p v i c e s  o r  c lemcnts  fabricated f r o m  
different impuri t ies  of the same type in a single integrated circui t  needs to  be 
exp!oi-ed. 

3 . 2  Range  Energy 

Typical examples of engineering junction depth curves  a r e  shown in 
A combination of theoretical  data  of range energy and experi-  F i g u r e s  8 and 9. 

mental  junction depth data  provide a substantial beckground of information fo r  
device design. 
junction depth scale  would be  a function of impurity level in the base  mater ia l .  

The curves  presented a r e  only intended to  be typical and the 

F igu re  10 shows a section of a microbeam junction implanted with 
P31 into 10 $2 cm silicon. 

the computation of junction depth (d) is: 

Using the interferometr ic  technique of Bond and 
Smith(') and the junction delineation with H F  according t o  P. J .  Whoriskey ( 2 )  

where n = number of f r inges.  The surface oxide was approximately 1000 
angs t roms  and the resu l t  i s  in agreement  with other IPC data.  

Other  junction sections indicated shallow junctions compared 
to  the predicted resu l t s .  Insufficient experiments  have beer, performed to  explain 
the shallow junction, however, ve ry  high cu r ren t  densi t ies  may have caused 
damage levels  so high that additional annealing is required.  

In addition to  so la r  cel ls ,  junction unipolar and bipolar devices  have 
been fabricated by ion implantation with energ ies  less than 200 kev and 300 kev 
re  spec t ively . 

An additional benefit of the range e ~ e r g y  relationship i s  that a wide 

Using microbeam techniques different depth-density prof i les  can 

It is expected that con- 

range of impurity profiles can be obtained by varying the energy during the 
implantation. 
be  easi ly  made at  different locations on the slice. 
ability to  c rea t e  such effects as  a bur r ied  doped layer .  
tinuing experimentation will refine the da ta  on range energy providing g rea t e r  
control  on doping profile by ion implantation with a flexibility not offered by 
alloy.ing o r  diffusion techniques. Device design should be considered with the 
capabili ty of varying impurity profile: 
t r o l  the voltage capacitance relationship of a diode C v s  V 

This advantage allows the 

An example would b the ability t o  con- 
1 en over  a range of n. 
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Figure 10. Implanted A r e a  With 
Inte r fe  renc e Patte  r n  
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The capability to  rriaintaiii focus and regis t ra t ion while varying the 
enei-gy a r c  defiiiiic i - e ~ j ~ i i ~ e ~ i i e n i s  foi- device work, but coupling leris vol i r~g:c '  io 
acce le ra to r  voltage should be  a relatively simple. engineering problem. 

On the experimental  implantations, the beam curren t  utilized was 
only a small fraction of that  available a t  the orifice mask. 
cation i t  would be expected that the pcrceiit of thc cur ren t  utilized through the 
or i f ice  could be  greatiy increased.  Th i s  wiil tend to cornpcnsate for any loss  
due to  ape r tu re  s ize  reduction related to lens resolution improvement. 

F o r  a specific appli- 

. 

3. 3 Beam Current  

The c a r r i e r  concentration is  a d i rec t  function of beam curren t  and 
t ime  indicating that the la rges t  ion beam cur ren t  possible i s  des i red  to reduce 
wri t ing time. 

In the p re sen t  system, the cu r ren t  to the ta rge t  s l ice  is measured  a t  
the beginning and end of the implantation t ime. No provision has  been made for 
the elimination of secondary electron cur ren t  f r o m  the measurement ,  but p r e -  
vious work  a t  this energy level of p r i m a r y  ions on silicon indicates that  second- 
a r y  cu r ren t  may  account for 90% of the measu red  current .  

The  leakage through the power t r ans fo rmer  of the  electron rnicro- 
scope bias is significant when the cur ren t  levels  t o  be  measured  are  i n  the o r d e r  
of magnitude amp. Leakage a c r o s s  insulating vacuum sections mus t  also 
be minimized. Measurements  a r e  now made with the secondary electron micro-  
scope (SEM) bias  removed which eliminates the leakage problem due to  the power 
supply. Removal of the SEM bias supply does affect the lens focus and it is con- 
s ide red  desirable  to  continuously monitor cu r ren t  under normal  implantation 
with the secondary electron microscope operating. 

It is believed that beam curren ts  of severa lnanoamps  on a r e a s  of 
approximately 35 x cm2 o r  57 rnicroamp/cm2 have been utilized and that 
significantly l a r g e r  cu r ren t  density can be  obtained by  focusing and alignment 
of the acce lera tor .  

Cur ren t  density in the range of 100 microamp/cm2 on a r e a s  less 
than 10 micron  in diameter  a r e  considered prac t ica l  t o  obtain. 

Accurate  c u r r e n t  measurements  a r e  necessa ry  for  device work. 
This  will  requi re  ca re fu l  elimination of the secondary electron cu r ren t  and leak- 
age  cur ren ts .  
a m p  when beam size is small and resolution high. 
concentration level  should not be  limited by the currefit  measurement .  
of concentration is  a l s o  determined by a factor such as range energy profile and  
percentage of impur i t ies  that  occupy lattice s i tes  after annealing. 
Lillie meas;urerr,eiit azzcrazy OI 

It may  be necessa ry  t o  accurately m e a s u r e  cu r ren t s  l e s s  than 10-9 
The accuracy  reqiiired on 

Accuracy 

A cur ren t  
4.: Y 376 is c ~ = ~ i d ~ r ~ d  sdf ic iczt .  
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3.4 Impuritv Concentration a n d  Pro i i le  

F r o m  range energy studies the impurity concentration can be  d e -  
iined iii iei.ii-,s of iliC c.ui-reiit 
100 kev phosphorus ions, the equation for concentration is :  

iiii;t ai:ea ai,d tiie i;i-ile of tlie ii-lip:aiitatioi,* FUi? 

3 1 7  c = j t  ( 1 0  ) / c m  

2 
where j t  is espressed  in  microamp s e c / c m  . 

The constant t e r m  va r i e s  with energy and w i l l  requi re  modification 
fo r  higher impurity concentration where the percentage of impuri t ies  occupying 
lattice s i t e s  is l e s s .  
w i l l  not be necessary ,  but during this program high levels were  used so  that the 
implantcd a r e a  could be visually observed on the sl ice.  

F o r  most  device applications the higher impurity level  

An orifice mask with sixteen holes,  as  shown in F igure  3(a) ,  was 
used to demonstrate  the ability to  siniultaneously wri te  many devices.  
did not illuminate the orifice mask  uniformly result ing in variations in beam 
cur ren t  densi t ies  on the sixteen implanted a re  as. While even illumination of 
the m a s k  should easily be obtained in the future,  it is presently a problem. 
Coupled with the unknown secondary electron current ,  a s  discussed in the beam 
curren t  section, the possible range of impurity concentration may vary  by a 
factor 10 around the calculated value. Assuming uniform illumination, with a 
secondary cur ren t  10 t imes  p r imary  current  and the beam evenly illuminating 
a l l  sixteen holes in the orifice mask f o r  a 20 minute run at  50 x 10-9 amp, 
measured ,  the concentration would have been roughly 102 ' /cm.  
the th ree  brightest  holes were  passing cur ren t ,  the concentration would be 
6 x lOZ1/cm3. 

cm2. 
at this high a concentration, but no modification has  been made. 

The beam 

2 

Assuming only 

The a r e a  of a single implanted region w a s  estimated to  be 3 5  x 
As mentioned, the estimates of impurity in s i tes  should be reduced 

F o r  normal  device work, the des i red  impurity concentration might 
be assumed at  1 O1 8/cm3. 
available, ion cu r ren t s  as high as  a tenth of a nanoamp might be cr i t ical ly  focused 
on to  a 10 micron diameter  spot. 
anticipate implantation t imes  in the order  of seconds for  devices .  

With the beam focused to  utilize the beam cur ren t  

With these improvements it is reasonable to  

3. 5 Ion Beam Size and Resolution 

. 
The present  resolution of the microbeam sys tem has  been adequate 

Severa l  related effects a r e  involved in 
This  section is a discussion of the effects 

for the manufacture of simple devices. 
the effective resilution of the sys tem.  
and not a means of improving resolution. 
to the beam is the direction of concern. 

The dimension perpendicular o r  la te ra l  
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The resol.ution normally re fer red  to  in semiconductor l i t e ra ture  is 
It is a.ppropr”iate t o  def ine  a resolu-  fo r  t h e  photographic p r o c e s s  in nias!.ring. 

tion t e r m  for the microbeam tcchnology. 

La te ra l  resolution may be defined a s  the distance over which the 
implanted impuri ty  ].eve1 drops f r o m  90% of its rnaximuin value to  10%. This 
definition has  been used because it i s  rel.ativcly easy  to  be determined by on- 
serving the su r face  of 1ieavil.y implanted mater ia l .  The knowledge gained by 
observing the color change on the sur face  over implantations varying by a factor 
o r  10 in t ime  can be used to  es t imate  the resolution of the implanted spots. 
scheme was  used as the means  of describing our microbeam resolution. 

This  

It should be noted that this definition does not take into account the 
The a r e a  implanted to  90% of maximum level  might be sub- zctual  beam size. 

stantially different f r o m  the beam cross-  sectional a r e a  calculated f rom the 
demagnification (obtained f r o m  spot spacing, not s i z e )  and the or i f ice  hole size.  
This  can be caused by relative movement of mechanical o r  e lec t r ica l  origin be- 
tween the beam and substrate  o r  lack of focus. Steps can be taken to  reduce the 
variation and obtain grea te r  control than with present  day diffusion technology. 
The focus i s  now based on the qualitative observation of the image  on the sec-  
ondary emission phosphor screen.  

The difference between the calculated s ize  and actual  s ize  of the 
implant could be an  in,crease o r  a decrease.  
F igu re  11, would r e su l t  in the impurity level  being only 1/2 of its maximum 
value at the width of the beam. 
a s imi l a r  result .  
dimension has  been observed. 
reasonable  to  a s sume  the change in  cur ren t  density over the implant a r e a  was  
small and, therefore ,  was not responsible for the reduction. Unfortunately, the 
c o r n e r s  of the m a s k  were  not sharp ,  making it difficult to determine i f  varying 
focus is  a p r i m a r y  cause.  N o  prefer red  axis was detected in the shape of the 
implanted a r e a  which indicates the limiting factor is probably not mechanical 
vibration. 
cen te r s  of the implanted rows and columns in.the four by four a r r a y .  

A simple vibration, as shown in 

Slight variation in  focus voltage could produce 
On device implants, contraction expansion in the l a t e ra l  

As the shape of the implant was  preserved ,  it is 

The actual  demagnification was obtained by comparing spacing of the 

F o r  device work, detailed knowledge of the doping profile along the 
lateral edge of the implanted region is required. 
a r e a  f r o m  the calculated beam s ize  must a l s o  be accounted for  in the device 
design. 
and implanted impuri ty  concentrations. 

Any variation of the implanted 

The actual  junction location could then be determined f r o m  subs t ra te  

Another factor needs t o  be defined that expres ses  the ability to  re- 
This  produce with the microbeam systerrl, the location and s ize  of aii iriiplaiit. 

would be  a m e a s u r e  of the stabil i ty of the lens  system. 
directed at determining this factor  t o  date, but this  i s  s t r ic t ly  an  engineering 
probiem. 

No experiment  has  been 

In implanting one dopant ion over another implanted region with 
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microbeam such as fo r  a bipolar device, this will be an  iinportant t e rm.  
Clear ly ,  this stability must  be measured and improved a s  required.  

3 .  6 Annealing 

Vacancy-impurity pa i r s  caused by ion bombardment when present  
i n  l a rge  numbers a r e  equivalent to a disordered c rys t a l  s t ruc ture .  
pictures  of implanted c rys ta l s  indicate low perfection, and c a r r i e r  mobility is 
reduced through scat ter ing e f fec ts  pr ior  to annealing. However, the ion c r e -  
ated vacancy-impurity pa i r s  may be annealed out at  t empera tures  lower than 
those used in diffusion processing. 
shown to  anneal out below 400°C. In addition to annealing out radiation damage 
the dopant ion must  be caused to  t ransfer  f rom the point where i t  stops to a 
substitutional latt ice position; this requires  annealing a t  t empera tures  of 400" C 
to 700°C. 

Diffraction 

The dominant centers  in Si have been 

One important resu l t  of annealing studies indicates that implanted 
ions a r e  readily t r ans fe r r ed  to substitutional positions, indicating that anneals 
on the o r d e r  of minutes a r e  adequate. 

On the device work during this program the mater ia l  was typically 

The annealing was c a r r i e d  out in 
annealed a t  700°C f o r  20 minutes. 
adequate for phosphorus implants in  silicon. 
an annealing furnace a f te r  the implanted material had been removed f r o m  the 
microbeam system. 

Other work at IPC has shown this to be 

Incorporation of an annealing s tep  into a complete microbeam pro-  
cessing sys tem could be accomplished i f  required.  

3 .7  Registration 

To date, regis t ra t ion has been accomplished by heavily implanting 
the s l ice  so that a change in the surface is visible. Then p r io r  to annealing a 
m a s k  is aligned over the visible implants. 
because the visibility of the implanted a r e a  dec reases  significantly during the 
anne al. 

This is done p r io r  to  annealing 

Cer ium oxide and titanium oxide coated silicon s l ices  were  used 
because the change in  the surface is  easily visible and provides cont ras t  even 
when coated with photoresist. This sys tem has  the disadvantage that at lower 
than 1017 o r  10l8 implants the a r e a  may not be significantly visible to  allow 
alignment and alignment by this method is not pract ical  a f te r  annealing. 

Attempts have been made a t  alignment using the secondary emis -  
s ion microscope by 
tion i n  the sys t em then hunting with the beam zc ross  the s l ice  to  find where 

establishing a "bench mark"  on the s l ice  pr ior  to  in se r -  
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the "bench mark" is located. F o r  the experiment,  s l ices  were  prepared  with 
strip '  of  qi-iartc;; ccs.iii-m ouidc-, t i t n n i i i m  n u i d e ,  2nd nliiminum n x i d c .  T h e  r e -  
sul ts  w e r e  inconclusive. While the edge of the s t r i p  could bc detected the s e c -  
zndcrry emissic?r? ch,racteriqIirs w r r e  not s i i f f i r i en t ly  different to make align- 
ment  easy.  

Whi!e not successfully used yet ,  the method of establishing a r e fe r -  
eficc poirit bcforc implanting is s t i l l  a possible solution. Another method wculd 
be to use  a beam during implantation to c rea t e  a reference mask.  
method could be coupled with a scheme for having the beam c rea t e  its own con- 
tact  mask.  

The la t te r  

The beam may be used to expose a high resolution film plate f rom 
which a contact mask  could be fabricated. 
cluded keyed to a spot on the sl ice.  This method was experimented with as  a 
means of fabricating a contact m a r k  and the sys t em adapted for inser t ion of a 
high resolution plate where the silicon is normally mounted. 
prevented the mask  f r o m  being used, but the method s e e m s  pract ical  and addi- 
tional work i ndic at e d. 

A regis t ra t ion m a r k  would be in- 

Poor  cont ras t  

3 . 8  Contacts and Interconnections 

The microbeam sys t em could be used to "write" low res i s tance  
paths i n  the silicon substrate  for  interconnection. For simple c i rcu i t s  this 
may be done but it i s  anticipated that in an increasingly complicated c i rcu i t  
s eve ra l  layer  of interconnecting wiring will be required.  

This indicates the use of masking for  metalized overlays of in te r -  
connecting paths and a t  the same time c rea t e  contact pads. 
very  low resis tance paths unless it entirely eliminates the need for masking 
does not s e e m  pract ical  due to the impurity level and a r e a  required.  

The "writing" of 

However, the contact mask does not need to  have the resolution 
An example is shown i n  Figure 12. requi red  for  device geometry. After im- 

planting through a thin oxide layer ,  holes are .  sput tered open through the oxide 
with a low energy beam where contact pads a r e  required.  A meta l  film is de-  
posited and the contact pat tern i s  superimposed by the use of photoresist .  
Selective etching of the deposited metal l ayer  is than accomplished to  f o r m  
interconnecting layers .  

3 . 9  Devices 

A number of attempts were c a r r i e d  out to implant to  make devices. 
Using a 16 hole orifice mask an a r r ay  of 16 implanted spots approximately 50  
by 70 microns  were  created.  Figure 13 shows the titanium oxide coated sil icon 
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Figure 13.  Silicon Slice with Implanted 16 
Diode Array  P r i o r  to Annealing ( 38X ) 

2-581A 
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s l ice  a f t e r  iinplanting. 
the s l ice  af ter  annealing. 

These a r e a s  could hc identified electr ical ly  by probing 

Silicon s l ices  of p-type with impurity concentration of 1 x 1015/crn3 
were  used as base  mater ia l .  
The energy w a s  constant during a r u n  and therefore ,  the profile was not var ied.  
N o  attempt was made to optimize device parameters .  The implantations were  
ve ry  heavy to facilitate registration. 

The ion beam was F3i with 8 0  or 100 kev energy. 

The processing s teps  a f t e r  implant were:  

(1 )  
( 2 )  
(3)  
(4) 
( 5 )  
(6) 

etch the unimplanted titanium oxide off, 
annealing a t  700°C for  20 minutes,  
vacuum deposits 1 0 0 0  A A1 on the back, 
f i r e  in  the back contact at 6 O O O C  for  1-1/2 minutes,  
mask  and etch the titanium oxide off the implanted a rea ,  
r emask  and sputter nickel contacts on the front. 

It would be des i rab le  to remove the oxide f rom only the implanted 
a r e a  but the mater ia l  was significantly m o r e  res i s tan t  to etching af ter  iniplanta- 
t ion and a technique to selectively remove it p r i o r  to the photoresist  lifting 
was  not developed. 
sputtering the nickel contact were  not successful.  
adhering well indicating a film oh the surface.  

Attempts to  remask  and open holes in the r e s i s t  p r io r  to 
The sput ter  contact was not 

F igure  14 shows one of the diodes. This curve was obtained by 

Additional diode curves  
probing the implanted a r e a  af ter  most  of the nickel had been removed and the 
forward resis tance was very  sensitive to location. 
taken on a l a r g e r  implanted a r e a  with sputtered contacts is shown in F igure  15. 
This junction was sectioned and is &own i n  F igure  9. 

The beam was moved electrically to  "write" a channel for an F E T  
device as shown in Figure 16. 
a r r a y  of 16  devices.  

Figure 17 shows the implanted s l ice ,  with an 
Probing has  indicated diodes and a channel. 

32 



. 

d 0 .r( -- 111 
m .r( 

4 .. 
Q) 

F: 
0 

u 
d 
3 
kl 

.r( 
c, 

a 
Q) 
c, 
d 
Id 

I 4  

H ? 
E 
Id 
Q) 
P 
0 
k 

Q) a 
0 
b" 

Q) 
k 
3 
M 
iz 

3 3  



, 

Scale: 

Vertical: 1 ma/division 
Horizontal: Forward 0. 5 v/division 

Reverse 5 v/division 

(b 1 

Figure 15. Large Area Maskless Diode Implants 

2-615 

34  



SOURCE-' LDRAIN 

P TYPE BASE (GATE) 

Figure 16. F E T  Fabrication by Controlled 
(Maskless) Ion Implantation 

1-2080 

35 



Figure 17. Microbeam "Written" F E T  A r r a y  
on Silicon Slice P r i o r  to  Annealing (38X)  
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4. CGiU'CLUSIGIU'S 

The future of the microbeam technology must  be related to  the r e -  
Fo r  sma l l  geometry devices,  ( l e s s  than 0. 1 quirements  of device fabrication. 

mil} the fociised inn beam mus t  be of mic ron  dimension and may require  c o r -  
responding submicron resolution. 

3 

Ion Physics '  microbeam equipment is at present,  capable of mask-  
l e s s  implanting, but technique improvements and equipment development would 
be required to take commerc ia l  advantage of the process .  

Normal  semiconductor processing requi res  the success  o€ a g rea t  
number of successive s teps  with subsequent l o s s  in  yield at each s tep  and in- 
volves maintaining the des i red  resoltuion level a t  each step. 
s t ep  produces approximately the same doping level a t  a l l  exposed s i tes  on the 
s l ice .  
m u s t  be doped to  the same level a s  the emi t te rs ,  e tc . ,  o r  e l se  requi res  addi- 
tional diffusion steps.  

Each diffusion 

This constrains  integrated circui t  design such that emi t te r  r e s i s t o r s  

Ion beam c i rcu i t  writ ing techniques eliminate most  of these s teps  
and allow freedom to vary  doping level f r o m  place to place on the s l ice  during 
the s a m e  operation. Concentration, depth, and dopant type can be switched as 
requi red  while writ ing the circuit ,  allowing the freedom to produce such things 
as buried interconnects,  and r e s i s to r s  having identical geometry but with r e -  
s i s tances  a factor  of 1000 apart .  Such c i rcu i t ry  can be writ ten at submicron 
resolution and a s  many circui ts  as  can be fitted in  the field of view of the lens 
can  be wr i t ten  simultaneously. 
ability t o  quickly wr i te  an experimental  c i rcui t .  

An.obvious advantage of the p rccess  is the 

Beam writing for  experimental  c i rcui ts  can be programmed by such 
techniques as punched tape, curve follower, hand dialing, etc. F o r  production, 
a tape control  o r  a CRT-mask-photocell, a r rangement  using paral le l  scanning 
of the CR.T and ion beam appears  to  be very  useful. 

By having great ly  reduced the number of s teps  and by using a proc-  
e s s  which is inherently m o r e  controllable than diffusion, production yields 
should be great ly  improved over those of normal  integrated c i rcu i t  production 
techniques. 

. Careful consideration must  be giver, to  the methods of regis t ra t ion 
and contacting to  be used. The same requirements  that  demand sma l l  s ize  for  
speed a l so  c rea t e s  the need for l a r g e r  numbers  of units on the s a m e  substrate .  
The subsequent multilevel ictcrconnection and long-low rpsis tance paths may 
be done with the present  technology of S i02  insulating layers  with metalized 
interconnections. To effectively use this  process  it must  be ic tegrated into 
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L. 11 

4 While the ability to  "write" many devices siinultaneously and fab- 
r ica te  simple devices has  been demonstrated, considerable work is required 
to  optimize the technique. 
for  g rea t e r  control as  dctailcd i n  this repcr t .  

Refinements i n  the microbeam equipment a r e  needed 

The exact details  of a complete microbeam production line a r e  not 
predictable f rom the information available. Ion Physics  has  developed, built, 
and i s  operating a production line for ion implanted so la r  ce l l s  demonstrating 
the compatibility of ion implantation with production line requirements .  The 
p resen t  techniques used for  microbeam device fabrication includes s teps  not 
suitable a s  par t  of a production line. 
have the possibility of being included as  pa r t  of an automated production line. 

The new techniques developed should 

The economic factors  of device fabrication by this technique have 
not been explored in significant depth. However, indications a r e  that the im- 
plantation s tep  will be economically practical  using resolution comparable to 
present  day diffusion technology. 
coefficient of the lens  is expected to  indicate that implantation a t  great ly  im- 
proved resolution can  be economically accomplished. 
come the information that will allow a rea l i s t ic  economic study to be made. 
par t icular ,  compatible regis t ra t ion and contacting methods must  be developed 
before an economic appraisal  of the sys tem as a whole is made. 

Better knowledge of the spherical  aber ra t ion  

With fur ther  work should 
In 

Effort is present ly  directed toward developing devices while main-  
taining the maximum flexibility of t$e apparatus with the belief that  this flexi- 
bility will  be the key to use  of the microbeam system. The next s tep  in devel- 
opment should r e su l t  in quality devices and beyond that, simple integrated c i r -  
cui ts  such as logic gates. 
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